Neutron scattering measurements of partially deuterated polystyrene (PS) samples -PSd3 with deuterated main chain and PSd5 with deuterated phenyl rings -have been carried out below the glass transition temperature (T g =373 K) of the polymers by means of time-of-flight (TOF) and backscattering techniques (BS). Analysis of the data was performed putting emphasis on slow relaxation motions at t > 2ps.
I. INTRODUCTION
The origin of secondary relaxations in polymers is still not well understood in spite of the great effort made over more than 20 years. The interest in the study of these processes is two fold: on the one hand, from a technological point of view, correlations have been proposed between the ductile-fragile transition temperature and that of secondary relaxation; on the other hand, the basic understanding of the dynamic processes in polymers is a question of topmost interest. It is worth emphasizing that, apart from a few exceptions, almost all the dynamic studies concerning this question have been carried out by means of relaxation techniques (dielectric, mechanical,..) which, in general, do not cover the high-frequency part of the spectrum and do not provide microscopic spatial information about the motion involved. In a complementary way to the existing NMR studies, it is clear that neutron scattering (NS) techniques can shed new light on this problem.
Previous experiences in this direction have shown that the combination of several NS instruments gives the opportunity to obtain detailed characterization of the sub-T g (T g : glass-transition temperature) motions in general and of phenyl-ring motions in particular.
The later have, for example, been extensively studied in a series of engineering thermoplastics containing the bisphenol-A unit, namely polysulfone (PSF) 1 , polycarbonate (PC) 2 , phenoxy (PH) 3 , and the polymer membrane polyethersulfone (PES) 4 . In this work we explore the sub-T g dynamics in polystyrene (PS). PS is a well-known polymer with plenty of applications but also frequently used as a model polymer for fundamental research. In contrast to the previous polymers mentioned, phenyl rings in PS are not located in the main chain but they are a side group themselves. The position of a molecular group either in the main chain or in the side chain has often been considered to be decisive for the role and relevance of its motion with respect to the mechanic properties and the glass transition [5] [6] [7] [8] .
The study of PS's sub-T g dynamics by relaxation techniques has been extensive. Mechanic and dielectric spectroscopy (MS and DS) experiments show that PS exhibits several secondary relaxations named β, γ, and δ 9 . NMR work generally agrees with the presence of ring motions extending over several orders of magnitude in time, and quite restricted spatial motion of the main chain below T g . However, the interpretations in detail vary from work to work [10] [11] [12] [13] [14] . A common characteristic of these NMR models is to separate the rings into a "slow" and a "fast" fraction. Most authors relate the motion of "fast" 10, 11 , and "slow" 11, 12 rings to the γ and β relaxations respectively, and propose a coordinated motion for main chain and phenyl rings 10, 13 . The motion of the main chain as seen by NMR on the other hand, is reported to be highly restricted (less than 1 o ) 13, 14 . The dynamics of PS has also been simulated by various authors [15] [16] [17] [18] [19] . Suter et al. found by means of quasistatic simulations that the frequency distribution for the ring motion covers many orders of magnitude and that small reorientation of phenyl rings dominate the dynamics below T g 15 . The Molecular Dynamics Simulations (MDS) of Lyulin et al. 17 below T g show for both, phenyl rings and main chain, translational and rotational motions whose characteristic times correspond quite well to those reported for γ and β relaxations respectively (Fig.1 ). The dynamics of phenyl rings and main chain had very similar characteristic times and were considered correlated due to excluded-volume interactions. In spite of all these experimental efforts, We aimed to clarify the molecular origin of the relaxation map of sub-Tg motions in PS
and to obtain information about main-chain and phenyl-ring dynamics by combining the NS techniques time of flight (TOF) and backscattering (BS) on selectively deuterated samples.
Incoherent quasielastic NS offers a unique opportunity to check the models for different "moving" ring fractions as the ratio of the elastic to quasielastic intensity depends among others on the number of moving hydrogens. Previous neutron scattering studies of PS in the literature [21] [22] [23] [24] were either focused on the study of TOF data in the frequency domain (mainly the so called "fast-dynamics"), did not fully exploit H/D labeling capabilities or did not provide full analysis of the quasielastic signal in BS. The emphasis here is more oriented to slower relaxation motions below T g , and thereby in the present work: (i) TOF data are Fourier transformed to the time domain in order to separate fast contributions (t < 2ps) from slower ones; (ii) very high resolution BS instrument is used in order to extend the study to slower times; and (iii) analysis of the quasielastic BS signal is provided. To our knowledge there is no precedent combining the former three points for both phenyl-ring deuterated and main-chain deuterated samples in the same work. The paper is organized as follows. After describing some experimental details in section II, results will be presented in section III divided in two different subsections: TOF timescale and BS timescale. Results are discussed throughout section IV. Previous data of phenyl-ring containing polymers, in particular of polysulfone with deuterated methyl groups (PSFd6) 1 will be considered as reference for discussion. Finally, conclusions are exposed in section V. Figure 2 shows spectra obtained for PSd5 and PSd3 at Q=1.37Å −1 and at various temperatures below T g . The Boson-peak characteristic of glass forming systems can be identified at energies ∼ 1 − 1.5 meV. As the temperature increases, the elastic intensity decreases and a quasielastic contribution increases smearing out the Boson-peak.
The inset in figure 4 shows a detail of the decrease of the elastic intensity with temperature for PSd5 (circles) and PSd3 (squares) at Q = 1.64Å −1 . The Q-dependence of the intensity at the elastic maxima normalized to its value at 10K (PSd5) or 13K (PSd3) is represented in figures 3a) and b) for PSd3 and PSd5 respectively. The ratio of coherent to total scattered intensities 25 has also been included on the r.h.s.-axis of figure 3 (crosses).
The Q-dependence of this quantity is determined by the partial structure factor correspond- =I exp (Q, t, T )/I exp (Q, t, T = 10K) obtained by Fourier Transform of the experimental spectra I exp (Q, ω). This representation is very useful as it allows direct deconvolution of the instrumental resolution by simple division and, as we will see later, helps to interpret the origin of the quasielastic broadening and the non-harmoniticy effects looking at their timescale.
The S exp (Q, t, T ) curves show a relatively pronounced decay at times shorter than 1 − 2ps
while the decay at t 2ps is either almost zero at low temperatures or very small at the highest ones. This kind of crossover at about 1 − 2ps separating fast and slow relaxation regimes is common in polymeric systems 1, 2, 19, 26, 27 and usually evolves to a clear two step Let's now focus on the weaker decay observed at times longer than 2 ps. The behaviour and shape of the S exp (Q, t, T ) functions in this range is very similar to that observed for the phenyl rings in PSF, PES, PH or PC below their respective T g s 1-4 . Therefore we have followed here the same data analysis procedure developed in our previous work (see reference In the case of PSd5 sample several factors contribute to make the analysis of the interme- As a result, the [1-EISF(Q)] function may be no longer describe well the modulation of the quasielastic intensity. statistics of data due to the low quasielastic intensity; ii) a weak Q-dependence of the wings of the resolution fuction; and iii) a slight Q-modulation in the total integrated intensity due to coherent contributions. As it is expected, these fluctuations decrease at higher temperatures where the quasielastic contribution is higher. Regarding the T-dependence of the integrated quasielastic intensity, see figure 9 , it is very close to the resolution level and only clearly departs from it at high temperatures, in agreement with spectra in figure 7 .
IV. DISCUSSION
A. TOF and motions t<2ps
As shown in figure 4 , the < u The comparison between the decrease of the elastic intensity of PSd3 and PSd5 has allowed us to better distinguish differences for main-chain and phenyl-ring hydrogen motion at low temperatures. In the PSh -PSd5 data sets of reference 24 the elastic intensities for these two deuterations almost coincide at T< 200 K, so that similar dynamics could be inferred for main chain and phenyl rings at low temperatures. In contrast, the inset of figure 4 shows that this is not the case when comparing PSd3 and PSd5 data, which shows the difference between the motion at the phenyl rings and main chain, even for very low temperatures.
In principle, the non-linear increase of < u 2 > at higher temperatures could be attributed to the onset of anharmonic vibrations, the so-called "fast-dynamics", or the onset of some relatively slower relaxation process. In this line it is tempting to explain the higher < u 2 > of PSd3 relative to PSd5 in terms of local relaxation processes involving phenyl rings. However, a detailed data analysis shows that relaxation processes can not be the principal source of the observed increase of < u 2 > beyond the harmonic behavior. First, looking at the time dependence of S exp (Q, t, T ) it is clear that the < u 2 > obtained from TOF data is dominated by motions in the ps range or even faster. And second, the < u 2 > for phenyl-ring hydrogens in PS is larger than that for PSF or PC rings, even though these two polymers, as we will see later, exhibit considerably larger quasielastic scattering due to local relaxation processes of phenyl rings. Therefore, the origin of the departure from the harmonic behavior and the differences in the < u 2 >s of main-chain and phenyl-ring hydrogens should be looked for in vibrational and "fast-dynamics" type processes rather than in relatively slower and broader local relaxations.
In the frequency (ω) domain, a significant broadening above the resolution level is found for PSd3 and PSd5 in the TOF window (see figure 2 ). This increase of quasielastic intensity is higher than that expected due to the enhancement of harmonic vibrations with temperature.
If vibrations are accounted for by a Debye-Waller factor and the so-called Bose-Einstein scaling procedure, significant quasielastic broadening is still present even well below T g and in agreement with previous measurements 23, 24 . It is likely that most of this quasielastic intensity comes from the first steep decay of the intermediate scattering function at times shorter than ∼ 2ps. This phenomenon has been known for a long time in the literature as "fast-dynamics", and its origin together with that of the Boson peak remains an open question. The "fast dynamics" is usually found to set on near T g and for this reason has often been discussed in terms of the MCT β process as a precursor of the glass transition.
We note, however, that as previously reported also for other systems 23,24,29,30 the onset of the "fast dynamics" herein is set on already at temperatures well below T g . Nevertheless,
the origin and characterization of this processes is beyond the scope of the present work. 
where Φ(t) is the result of a distribution of simple processes having different activation energies,
and where characteristic times and activation energies are related via an Arrhenius law, 
where DW F ef f is an effective Debye Waller factor accounting for motions faster than 2ps, σ coh and S(Q) are the coherent scattering cross section and the partial static structure factor, and S Finally, the mean characterisitic time of the β-relaxation is very much in the limit of the time window covered by these NS measurements, so that only the high frequency wing of its distribution would be able to produce quasielastic broadening. As a result, little can be said about this relaxation and NS results do not rule out 180 o flip in this longer timescales. Although the amplitude of the motion is small, it does not show the typical Q 2 dependence because the model EISF was that resulting from a Gaussian distribution of amplitudes. 
